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How Photoisomerization Drives Peptide Folding and Unfolding:
Insights from QM/MM and MM Dynamics Simulations
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Abstract: Photoswitchable azobenzene cross-linkers can con-
trol the folding and unfolding of peptides by photoisomeriza-
tion and can thus regulate peptide affinities and enzyme
activities. Using quantum mechanics/molecular mechanics
(QM/MM) methods and classical MM force fields, we report
the first molecular dynamics simulations of the photoinduced
folding and unfolding processes in the azobenzene cross-
linked FK-11 peptide. We find that the interactions between the
peptide and the azobenzene cross-linker are crucial for
controlling the evolution of the secondary structure of the
peptide and responsible for accelerating the folding and
unfolding events. They also modify the photoisomerization
mechanism of the azobenzene cross-linker compared with the
situation in vacuo or in solution.

An efficient light-sensitive peptide can be constructed by
cross-linking a photoswitchable small cross-linker molecule to
the peptide backbone; photoinduced structural changes of the
cross-linker can trigger reversible changes in peptide con-
formations. This kind of photoresponse can provide an
avenue for probing and manipulating complex living sys-
tems.[1] The photoinduced conformational dynamics of pep-
tides with built-in azobenzenes has been exploited to probe
functional changes of proteins, to manipulate enzyme activ-
ities, and to control cell signaling.[2] However, a detailed
mechanistic understanding of these processes at the atomistic
level is still lacking.

Experimentally, time-resolved infrared spectroscopy was
employed to monitor the conformational dynamics of cross-
linked peptides; it was found that both folding and unfolding
processes show complex spectral kinetics and strongly depend
on the photoexcitation wavelength and on temperature.[3]

Computationally, azobenzene-linked peptides were explored
by classical molecular dynamics (MD) simulations.[4] How-
ever, in these studies, the initial nonadiabatic photoisomeri-
zation was not considered or was only simulated using
a simple model potential, and the effects of the photo-
isomerization on the subsequent conformational dynamics of

peptides were not investigated; moreover, only the photo-
induced folding dynamics was simulated in those studies.[4]

The unfolding dynamics of cross-linked peptides has rarely
been explored experimentally because peptide unfolding
processes are generally endothermic and difficult to study.[4f]

A salient dynamical feature of these cross-linked peptides
is that their folding and unfolding processes are significantly
accelerated compared with peptides without cross-linkers.[3a]

This speedup must originate from the interaction between the
cross-linker and the peptide. A thorough understanding of
this interplay is crucial to rationalize the folding and unfold-
ing dynamics of cross-linked peptides, to select appropriate
cross-linkers, to optimize cross-linking positions, and even-
tually to control these photoinduced conformational changes.
It is difficult to obtain detailed information on these
interactions solely from experiment, and it is thus desirable
to perform theoretical simulations, both for the initial photo-
isomerization and the subsequent folding and unfolding
dynamics of azobenzene cross- linked peptides.

Numerous theoretical studies have explored the photo-
isomerization of azobenzene using static electronic structure
computations and nonadiabatic dynamics simulations, but
mostly only in vacuo or in solution.[5] Others have addressed
photoswitching in azobenzene-linked biomolecules (RNA,
DNA) and gold tips,[6, 7] but to our knowledge, there are not
yet any ab initio nonadiabatic dynamics simulations for
azobenzene cross-linked with a peptide. In such a system, the
external strain by the peptide is expected to influence the
photoisomerization dynamics. Moreover, the strength of this
strain can likely be adjusted by the secondary structure of the
peptide (see Figure 1). To address these issues computation-
ally, we have chosen the experimentally well-studied azoben-
zene cross-linked FK-11 peptide as our target system; this
small 18-residue peptide has relatively short folding and
unfolding timescales, and the azobenzene cross-linker exhib-
its high isomerization efficiency and large conformational
changes.[3–5] To simulate the initial photoisomerization and the
subsequent folding and unfolding dynamics of FK-11, we
adopt a combined QM/MM and MM MD protocol, in which
the photoisomerization is simulated using ab initio QM/MM
nonadiabatic dynamics, while folding and unfolding processes
are modeled using classical MD (see the Supporting Infor-
mation for a detailed description).

We adopt the following notation to designate the four
main conformations of the azobenzene cross-linker and the
FK-11 peptide: trans-helix, trans-coil, cis-helix, and cis-coil;
for example, trans-helix means that the azobenzene is in the
trans form and the peptide is in the a-helix conformation. We
first look at two typical trajectories illustrating the photo-
induced folding and unfolding processes of FK-11. The top
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panel of Figure 2 shows consecutive snapshots of the photo-
triggered folding dynamics from a typical trajectory starting
from the cis-coil conformation. During the first picosecond,

the S1 state decays to the S0 state generating trans-azoben-
zene; this cis-trans photoisomerization is so fast that the
peptide remains in the coil conformation, because it is not
able to respond on this time scale to the structural change of
the azobenzene linker. The a-helix structure of the peptide
starts to appear after about 3 ns; then, it gradually grows until
10 ns when a stable a-helix secondary structure is formed. In
the final 3 ns of the simulation, there is no further obvious
change in the secondary structure of the peptide. The bottom
panel of Figure 2 shows snapshots of the photoinduced
unfolding dynamics from a typical trajectory starting from
the trans-helix conformation. After photoexcitation to the S1

state, the azobenzene cross-linker isomerizes from the trans to
cis form within 1 ps, without any obvious change in the overall
a-helix structure of the peptide. After 3 ns, there is a visible

stretching and bending in the a-helix structure with regard to
the helical axis, but no unfolding yet. After 6 ns, the a-helix
structure becomes partially unfolded. This process continues
until the end of our simulation (13 ns) when most of the a-
helix is unfolded, except for a small part close to the N
terminus. Peptide unfolding is known to be thermodynami-
cally unfavorable,[4f] and it is thus not surprising that during
this process, we can still observe repeated re-folding events.
By contrast, we do not see re-unfolding events in the folding
trajectories. Evidently, the unfolding of the cross-linked
peptide is slower and less facile than its folding (see the
Supporting Information).

To explore the cross-linking effects on the folding and
unfolding dynamics of FK-11, we have run two sets of 10
trajectories without the azobenzene cross-linker, starting
from random-coil and a-helix conformations, respectively.
In these runs we never see any folding and unfolding events
within the 10 ns dynamics simulations, which clearly demon-
strates that the azobenzene cross-linking does accelerate the
folding and unfolding of the FK-11 peptide. Figure S4 shows
snapshots from two representative trajectories, which illus-
trate that the a-helix and random-coil secondary structures do
not change perceptibly during these simulations.[3]

The speedup of the folding and unfolding processes is
caused by the external strain exerted by the cross-linker. This
is reflected in the S···S distance between the two cysteine
residues that are connected to the azobenzene cross-linker by
two covalent C¢S bonds. Taking the folding trajectory in the
top part of Figure 3 as an example, the initial S···S distance of
the peptide in the cis-coil conformation is about 15 è, which
happens to be somewhat larger than the axial length (ca.
13 è) of cis-azobenzene (see panel (a) of Figure 3). Upon cis–
trans photoisomerization of the cross-linker during the first
picosecond, the peptide remains in the random-coil confor-
mation, but the S···S distance in the FK-11 peptide increases
within 1 ps to about 17 è, close to the axial length of trans-

Figure 1. The FK-11 peptide in the a-helix (left) and random-coil
(right) conformations. In the QM/MM computations, the QM region
consists of the azobenzene cross-linker, while the MM region contains
all other atoms (residues and water). Also shown is the sequence of
the FK-11 peptide.

Figure 2. Consecutive snapshots of two typical folding and unfolding
trajectories after cis–trans (top) and trans–cis (bottom) photoisomeriza-
tion, respectively. The nonadiabatic dynamics simulations in the first
picosecond were done at the QM/MM level, followed by classical MD
dynamics (shown here up to 13 ns). The peptide chain runs downward
from C to N terminus.

Figure 3. Time-dependent S···S distance in FK-11 during typical trajec-
tories starting from the cis-coil (a,b) and trans-helix (c,d) conforma-
tions: a) initial nonadiabatic cis–trans photoisomerization, b) photo-
induced folding dynamics, c) initial nonadiabatic trans–cis photoisome-
rization, and d) photoinduced unfolding dynamics.
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azobenzene, followed by a further rise to ca. 19 è in the first
2 ns. As discussed above, the peptide with the trans-azoben-
zene linker starts to evolve after 3 ns into the more stable a-
helix structure to alleviate the excess strain introduced by the
cis–trans photoisomerization; this is accompanied by a relax-
ation of the S···S distance, which then oscillates around the
equilibrium value of about 17 è in the a-helix (see panel (b)
of Figure 3). In the unfolding trajectory, the initial S···S
distance of the FK-11 peptide in the trans-helix conformation
has the typical value of around 17 è. After the ultrafast trans–
cis photoisomerization of the linker, this distance rapidly
decreases to about 15 è within 1 ps (see panel (c) of
Figure 3), which is still unfavorably high for the a-helix
structure with cis-azobenzene linker. Hence the system
further evolves towards the random-coil conformation, in
which the S···S distance fluctuates considerably, with typical
values of about 12 è (see panel (d) of Figure 3).

The DSSP (dictionary of protein secondary structure)
method[8] is an established tool to analyze the time-dependent
evolution of secondary structures (coil, bend, turn, 3-helix,
and a-helix). We have applied the DSSP analysis to two
typical folding and unfolding trajectories of azobenzene cross-
linked FK-11 (see Figure 4). Panel (a) shows the secondary-

structure evolution for the photoinduced cis–trans folding
trajectory starting from the cis-coil conformation. In the first
2 ns, the peptide is mainly composed of coil and bend
secondary structure elements, except for residues 9–11,
which alternatingly show turn and 3-helix motifs. Thereafter,
the proportion of turn structures increases markedly until the
first a-helix motifs arise among residues 7–10 after 2.8 ns,
which are retained basically during the entire simulation (with
very rare occurrences of turn and 3-helix features). The bend
structure among residues 2–5 starts to evolve into turn and 3-
helix structures after 2.5 ns and eventually into an a-helix
structure after 3.5 ns. However, the latter is not as persistent
as that among residues 7–10; it often interconverts with 3-
helix and turn structures during the subsequent simulation.

The turn structure among residues 14–16 appears after 4 ns
and remains dominant thereafter, while the bend structure of
residues 12–13 is preserved during the whole simulation.

Panel (b) shows the evolution for the photoinduced trans–
cis unfolding trajectory starting from the trans-helix confor-
mation. At the very beginning of the simulation, the a-helix
structure is retained almost completely, except for a few turn
and coil motifs. Among residues 12–16, it is converted to turn
and 3-helix structures during the first 4 ns, and thereafter it is
completely unfolded and never re-folded again. Among
residues 6–10, there are repeated conversions between the
a-helix and the turn and 3-helix structures, respectively,
during the entire simulation. Among residues 1–5, the a-helix
structure is unfolded after 5 ns, and re-folded again after
10 ns; hence, these unfolding and folding processes appear to
occur less frequently than in the case of residues 6–10.

Panels (c) and (d) show the time-dependent DSSP results
for two typical trajectories of the FK-11 peptide (without
cross-linker) starting from random-coil and a-helix confor-
mations, respectively. In the former, the predominant secon-
dary structures of FK-11 are the coil, turn, and bend
structures, which prevail in the whole 10 ns MD simulation;
residues 1–3 always retain the coil structure, while a-helix
structures are hardly formed, except occasionally among
residues 4–6 and 8–12 [see panel (c)]. In the latter, the a-helix
structure remains intact during the entire simulation for
almost all FK¢11 residues, except for residues 15–17 where
the helix quickly unfolds and gives rise to dominant turn
motifs [panel (d)].

These time-dependent DSSP features can be rationalized
using the known a-helix propensities of residues.[8] Alanine
has the highest a-helix propensity; hence, the more alanine
residues the a-helix is composed of, the more likely will it be
formed. In FK-11, residues 4–5, 8–10, 13, and 15 are alanine. It
is thus not surprising that residues 6–10 are folded into an a-
helix after 4 ns in the folding trajectory and remain so until
the end of the simulation [panel (a)]. For residues 1–5, the
folding trajectory shows fast formation of a-helix motifs,
which however do not persist and frequently interconvert
with 3-helix and turn motifs [panel (a)]; in this case, the
influence of alanine residues 4–5 is counterbalanced by the
low a-helix propensity of the cystein residue 3, which gives
rise to repeated unfolding and re-folding events. Finally, the
very low a-helix propensity of the glycine residue 17 may
contribute to the strong preference for coil structures at the C
terminus of FK-11 [residues 17–18, panel (a)]. The DSSP
results for the unfolding trajectory [panel (b)] can be
explained analogously.

The mutual interaction between the FK-11 peptide and
the azobenzene cross-linker not only accelerates the folding
and unfolding of FK-11 but also affects the photoisomeriza-
tion mechanism of azobenzene. Table S1 collects S1!S0

hopping times and S1–S0 energy gaps at all hopping points,
and specifies the final azobenzene conformation in all non-
adiabatic dynamics trajectories. We find that 11 of 20 (55%)
cis-coil trajectories evolve into the trans-isomer of azoben-
zene, while 6 of 14 (43%) trans-helix trajectories evolve into
the cis-isomer. On the basis of these results, we estimate the
cis–trans and trans–cis quantum yields to be 0.55 and 0.43;

Figure 4. Time-dependent DSSP analysis for two typical folding and
unfolding trajectories of azobenzene cross-linked FK-11 triggered by
cis–trans (a) and trans–cis (b) photoisomerization, respectively. Also
shown is the DSSP analysis for two trajectories of FK-11 without the
azobenzene cross-linker starting from random-coil (c) and a-helix (d)
conformations.
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given the small number of trajectories, these values are
admittedly only crude estimates with large statistical uncer-
tainties. Nevertheless, the cis–trans quantum yield is close to
the results from previous gas-phase theoretical studies, for
example, 0.58[5i] and 0.61–0.70;[5e] the trans–cis quantum yield
is higher than the reported theoretical value of 0.17[5j] and the
quoted experimental estimates of 0.20–0.25,[5j] but lies in the
range of 0.30–0.46 reported by Toniolo et al.[5e] As a caveat,
we emphasize again that our present ab initio QM/MM
nonadiabatic dynamics simulations of azobenzene photoiso-
merization in the solvated FK-11 peptide simultaneously
consider both environmental effects and the external strain
exerted by the peptide, and are thus not directly comparable
to previous theoretical studies in vacuo.[5]

The average S1!S0 hopping time (69 fs) in the trajectories
starting from the cis-coil conformation is much shorter than
that in the trajectories starting from the trans-helix confor-
mation (621 fs). This trend is consistent with available
experimental and theoretical studies in vacuo or in solution,[5]

but the difference between the average hopping times is
larger in the present case. Gas-phase electronic structure
calculations indicate that the relevant S1/S0 minimum-energy
conical intersection is closer to cis-azobenzene than to trans-
azobenzene, which is an intrinsic factor favoring a faster cis–
trans photoisomerization regardless of the actual environ-
ment, as found in previous work.[5] In the azobenzene cross-
linked FK-11 peptide, there is an additional extrinsic factor,
namely the external strain exerted by the peptide: the trans-
helix conformation is clearly much stiffer than the cis-coil
conformation. Hence, the cis-azobenzene moiety is more
flexible in the random-coil conformation and can reach the
relevant S1/S0 conical intersection more easily. By contrast,
the trans-azobenzene linker in the a-helix conformation has
to spend more time in attempts to approach the funnel region
leading to the S0 state.

The distribution of the S1!S0 hopping points is shown in
Figure 5 with regard to three key dihedral angles: C2N3N4C5
(torsion around the central NN double bond), C1C2N3N4
and N3N4C5C6 (torsion of the two phenyl rings). As
expected, the hops mostly occur at geometries with an
almost perpendicular twist around the NN bond: the
C2N3N4C5 dihedral angle is confined to a small range,
around 10088 and 9088 for the trans–cis and cis–trans hops,
respectively. With regard to the torsion of the phenyl rings,
the hopping-point distribution is spatially localized (delocal-
ized) for the cis–trans (trans–cis) photoisomerization. In the
cis–trans case (red in Figure 5), the corresponding dihedral
angles do not vary much: C1C2N3N4 between ¢2088 and 2088 ;
and N3N4C5C6 between ¢3088 and 588. These angles cover
a much larger range in the trans–cis case (green in Figure 5):
C1C2N3N4 between ¢7388 and 5288 ; and N3N4C5C6 between
¢5388 and 6088. In other words, with regard to the two phenyl
torsions, the S1!S0 hopping region is spatially extended only
in the case of the trans–cis photoisomerization.

Comparison of the distributions of these three key
dihedral angles at the starting and hopping points confirms
that the C2N3N4C5 dihedral angle is a key coordinate for
describing the photoisomerization. It changes from about
¢17088 to¢10088 in the trans–cis case and from about 1088 to 8088

in the cis–trans case (Figure 5). However, there are some
differences with respect to the phenyl torsions. In the trans–cis
case, the centroid of the distribution of the C1C2N3N4 and
N3N4C5C6 dihedral angles does not shift notably when going
from the starting to the hopping points (green), regardless of
the appreciable spread of the distribution. By contrast, in the
cis–trans case, the hopping point distribution remains clus-
tered, but its centroid shifts significantly (red in Figure 5). The
external strain exerted by the secondary structures of the FK-
11 peptide is probably at least partly responsible for this
different behavior. In the cis–trans photoisomerization, the
peptide is in the random-coil conformation and thus very
flexible; hence, the torsion of the two phenyl groups is facile
and can easily follow the twist around the NN bond.
Conversely, in the trans–cis case, the peptide is in the a-
helix conformation and thus much stiffer; therefore, the
torsion of the two phenyl groups is more difficult and falls
behind the twist around the NN bond in most of the
trajectories.

The photoisomerization modes observed in our present
dynamics simulations differ to some extent from those
reported for azobenzene in vacuo and solution. Previous
nonadiabatic dynamics simulations have led to a consensus
mechanism, in which the rotation of the azo group (a bicycle
pedal-type motion) drives the photoisomerization.[5i,j] This
process has been described as hula-twist motion of the
nitrogen atoms,[5c] as purely rotational motion of the central
CNNC moiety,[5l] and as rotation around the azo double bond,
with minor involvement of nearby N¢C bond rotations and
NNC bending vibrations.[5h] These previous studies concluded
that there is no large-amplitude phenyl torsion during photo-
isomerization (before the hop to the ground state).

Figure 5. Distribution of important dihedral angles at the trans–cis
(green) and cis–trans (red) S1!S0 hopping points in all nonadiabatic
trajectories from the present work: with respect to C2N3N4C5 and
C1C2N3N4 (middle left), C2N3N4C5 and N3N4C5C6 (middle right),
C1C2N3N4 and N3N4C5C6 (bottom left), and C1C2N3N4 and
N3N4C5C6 (bottom right).
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We also observe the hula-twist motion of the nitrogen
atoms in both the trans–cis and cis–trans photoisomerizations
of the azobenzene cross-linker. However, we also see
significant phenyl torsions around the C¢N bonds in the
cis–trans trajectories, which even appear to be concerted with
the twist around the central azo bond, and there are changes
of the C1C2N3N4 and N3N4C5C6 dihedral angles by more
than 6088 in the first 50 fs (see left panel of Figure S3 for
a typical example). In comparison, the phenyl motions during
trans–cis photoisomerization are relatively moderate in the
initial stage (see right panel of Figure S3). These differences
in the dynamics are caused by the different external strain
exerted by the distinct secondary structures of the FK-11
peptide. As discussed above, the peptide in the a-helix
conformation behaves like a spring and makes it much stiffer
than in the random-coil conformation; hence, the torsions of
the phenyl groups are frustrated in the trans–cis photo-
isomerization that starts from the a-helix conformation. By
contrast, the peptide in the random-coil conformation
behaves like a loose string, with little strain on the azoben-
zene cross-linker, so that large-amplitude torsions of the two
phenyl groups can be observed in the cis–trans dynamics
simulations that start from the random-coil conformation.

In summary, we have employed QM/MM and MM MD
simulations to model the photoinduced folding and unfolding
processes in a typical azobenzene cross-linked peptide (FK-
11). We show that the cross-linking of a photoswitchable
azobenzene can accelerate the folding and unfolding events in
the FK-11 peptide. The interactions between the peptide and
the azobenzene cross-linker play a key role in regulating the
photoinduced evolution of the secondary structure of the
peptide. These interactions also change the photoisomeriza-
tion mechanism of the azobenzene cross-linker. The central
CNNC rotation around the azo group remains the key motion
during the cis–trans and trans–cis photoisomerizations, but
the phenyl torsions play a different role in these two cases.
Large-amplitude torsions of the phenyl rings are observed
only in the cis–trans photoisomerization starting from the
random-coil conformation, but not in the trans–cis case
starting from the much stiffer a-helix conformation. The
differences in peptide stiffness also cause much longer S1

decay times for trans–cis photoisomerization (621 fs vs. 69 fs
in the cis–trans case). The present study shows that the
combined QM/MM and MM MD simulation protocol is
useful for modeling photoinduced conformational changes of
biomolecular systems.[9] We anticipate that this approach can
also be applied to investigate photocontrol phenomena in
other peptides, proteins, and biomaterials.
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